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Employing high-pressure infrared spectroscopy we unveil the Weyl semimetal phase of elemental
Te and its topological properties. The linear frequency dependence of the optical conductivity
provides clear evidence for metallization of trigonal tellurium (Te-I) and the linear band dispersion
above 3.0 GPa. This semimetallic Weyl phase can be tuned by increasing pressure further: a
kink separates two linear regimes in the optical conductivity (at 3.7 GPa), a signature proposed
for Type-II Weyl semimetals with tilted cones; this however reveals a different origin in trigonal
tellurium. Our density-functional calculations do not reveal any significant tilting and suggest that
Te-I remains in the Type-I Weyl phase, but with two valence bands in the vicinity of the Fermi
level. Their interplay gives rise to the peculiar optical conductivity behavior with more than one
linear regime. Pressure above 4.3 GPa stabilizes the more complex Te-II and Te-III polymorphs,
which are robust metals.
Elemental tellurium is known for its unusual properties
in the context of efficient thermopower [1] and possible
multiferroic behavior [2]; current research on topologi-
cal systems brings this material into focus again. Topo-
logical insulators, Dirac or Weyl semimetals [(DSMs) or
(WSMs)], and three-dimensional topological systems are
subject to intense investigations including but not lim-
ited to the Te-containing compounds. Especially after
the discovery of the three-dimensional topological insula-
tors, which contain heavy group-VI elements (Se and Te),
it was proposed that elemental tellurium itself can show
intriguing topological properties [3, 4]; the experimental
verification, however, turned out to be challenging.
At ambient conditions, elemental tellurium is a narrow-
gap semiconductor. It grows in a trigonal crystal struc-
ture [space group P3121 (right-handed) or P3221 (left-
handed)] with characteristic helical chains containing
three atoms in a unit cell [Fig. 1(a)]. These helical chains
are arranged in a hexagonal array, resembling graphene,
the well-known Dirac semimetal. The intrachain bonds
with the nearest-neighbor atoms possess a strong cova-
lent character, while the interchain interactions with the
next-nearest neighbor atoms are more of weak van der
Waals-type. Based on its space group, trigonal tellurium
(Te-I) can be considered as a noncentrosymmetric mate-
rial, and it is predicted to turn into a topological metal
under external pressure and/or uniaxial strain [3, 4]. The
minimum gap at ambient pressure occurs at the H point
of the Brillouin zone [Figs. 1(b) and 1(c)]. Since the
H point is not time-reversal invariant, band splitting oc-
curs due to spin-orbit coupling; however, the symmetry
of the system requires that two of the bands (conduction
bands) are degenerate at the H point forming a Weyl
point. Additional Weyl points are expected away from
the H point when the system becomes metallic, with va-
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FIG. 1. (a) Crystal structure of trigonal tellurium. (b) Bril-
louin zone. (c) Band structure around the H point along kz
(d) Pressure-dependent optical conductivity spectra obtained
from experiments clearly demonstrate two absorption peaks
in the high-energy range. (e) DFT calculations reproduce the
positions of the high energy absorption bands and their red
shift upon compression. Red dotted lines are the trace of the
peak positions showing redshift of the peaks indicating the
gradual fill-in of the low energy optical conductivity.
lence and conduction bands crossing each other [3, 4].
Several computational studies unanimously predict the
topological nature of the metallic/ semimetallic state in
Te-I; the experimental situation, however, is not that sim-
ple. Under external pressure, elemental tellurium goes
through a series of structural phase transitions accompa-
nied by a semiconductor-metal transition [5–7]. It does
2not become metallic until about 3.5 GPa [8]; this pres-
sure almost coincides with the structural transformations
[5–7], which lead to the less studied high-pressure Te-II
and Te-III. Since these polymorphs are expected to be
metallic, it is plausible that the metallization of tellurium
occurs only through the structural transformations. Pre-
vious high-pressure optical studies [9] in fact proposed
such a scenario, which is in stark contrast to the predicted
pressure-induced topological effects in Te-I. We may note,
in passing, that several recent studies explored the effect
of Weyl nodes at ambient pressure [10, 11], but these pu-
tative Weyl nodes lie well below the Fermi level and do
not influence the pressure-induced behavior discussed in
the following. The aim of the present study is to prove
the formation of a metallic state in Te-I and its topologi-
cally nontrivial nature that, moreover, appears to be tun-
able by pressure. To that end, we perform high-pressure
infrared spectroscopy on elemental tellurium combined
with density-functional (DFT) calculations. Details re-
garding the experiments and calculations can be found
in the Supplemental Material.
In Fig. 1(d), the room-temperature conductivity σ1(ω)
is plotted in a large frequency range as a function of
pressure. The high-energy absorption peaks located at
around 0.8 and 1.5 eV at low pressure gradually shift to
lower energies; this behavior is accurately reproduced by
our DFT calculations [Fig. 1(e)]. At the lowest pressure,
a complete gap is observed below 0.3 eV that gradually
fills in upon compression.
The DFT calculations reveal that the band gap at the
H point closes when external pressure is applied – still
maintaining the crystal structure of Te-I (see Supplemen-
tal Material) – in full accord with low-energy measure-
ments of the optical conductivity. In the lower pressure
range up to approximately 3 GPa [Fig. 2(a)], the con-
ductivity gradually drops towards low energies and is
completely suppressed below 50 meV. σ1(ω) assumes a
rather linear profile above 3 GPa; the zero-frequency ex-
trapolation strongly indicates that the band gap closes.
When pressure increases further, the low-energy spec-
tral weight rises leading to a finite conductivity in the dc
limit around 3.3 to 3.5 GPa. A drastic change in the op-
tical properties becomes obvious above 3.5 GPa. A pro-
nounced Drude-type upturn in σ1(ω) develops, indicating
the significant contribution of the intraband transitions.
In addition, at ∼3.7 GPa a kinklike structure appears at
∼70 meV that persists at high pressures up to 4.3 GPa.
This kink is best visible after the subtraction of the in-
traband contribution [Fig. 2(c)], but is quite robust with
respect to the subtraction procedure (Supplemental Ma-
terial)
Already from these observations we conclude that the
metallization of Te occurs independently from and prior
to the structural phase transition. In fact, diffraction
data first see the high-pressure Te-II polymorph only
above 3.8 GPa [5, 6], which is at least 0.3 GPa above
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FIG. 2. Low-energy optical conductivity in the Te-I phase.
(a) Experimental spectra collected at different pressure val-
ues as indicated. Thicker lines correspond to the critical pres-
sures, where a change in the profile of the optical conductivity
has been observed, ranging from a complete suppression below
∼50 meV, to linear-in-energy behavior, and finally two linear
regimes separated by a kink. (b) Calculated optical conduc-
tivity shows a similar evolution upon compression, with the
2.94 GPa curve indicative of the linear-in-energy regime and
the 3.82 GPa curve showing two linear regimes as a function
of energy. In order to directly compare with the calculations,
we subtract the Drude term from the experimental spectra.
Panel (c) demonstrates the subtraction procedure on the 3.7
GPa spectrum with (green) and without (black) the intraband
contribution (red). (d) Linear-in-frequency optical conductiv-
ity at 3.3 GPa evolves to the two linear regimes with increas-
ing pressure. Low-energy optical conductivity does not ex-
trapolate to zero but disappears at a finite energy, also shifts
to the higher energies with increasing pressure, indicates that
the Weyl points do not lie at the Fermi energy. The spectra
are shifted for 3.5 and 4.0 GPa. The dotted blue line is the√
ω fit (expected from parabolic bands) to the 4.0 GPa data
for comparison.
the pressure where σ1(ω) extrapolates to a nonzero dc
value, while accuracy of our pressure values is 0.15 GPa
(Supplemental Material). These findings are also in line
with the rather low dc conductivity observed in our data
up to 4.3 GPa [see Fig. 4] indicating the dominant contri-
bution of the small Fermi surface of the Te-I phase that
persists up to 4.3 GPa.
The linear-in-energy behavior of σ1(ω) observed above
3.1 GPa is very peculiar, especially in the context of the
topologically nontrivial states. The linear band disper-
sion is the hallmark of the Dirac and Weyl semimetals
and gives rise to a linear optical conductivity that is ob-
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FIG. 3. Band-resolved optical conductivity calculations for 1.88 (upper panels) and 3.82 GPa (lower panels). (a and d)
calculated optical conductivity and its band-resolved contributions demonstrating the evolution of the kinklike behavior and
two linear regimes. This behavior mostly results from the transitions between bands 48 and 50, which also give the dominant
contribution to the optical conductivity. (b and e) Band structure around the H point calculated along the kz direction.
Optical conductivities are calculated by taking into account the corresponding transitions between the shown bands. (c and f)
2D profile of the band 48 along the kx and kz directions demonstrating the band flattening around the H point upon increasing
pressure from 1.88 GPa to 3.82 GPa. kx and ky are given in the Cartesian frame in units of the reciprocal lattice parameter
a∗ = 2pi/(a sin γ) with γ = 120◦. Other bands around the H point show a minor change only, see the Supplemental Material.
served in various 3D systems [12, 13]. More generally, the
power-law behavior of the band dispersion, E(k) ∝ kz, is
reflected in the real part of the optical conductivity via
σ1(ω) ∝ ω
(d−2)/z. Here, d is the dimension of the sys-
tem; i.e. for a linear band dispersion in d = 3 one finds
σ1(ω) ∝ ω, the celebrated linear regime of σ1(ω) for the
three-dimensional systems with linear band dispersion
[14, 15]. When a gap opening occurs at the Dirac point
and/or the shift of the chemical potential with respect to
the Dirac nodes needs to be considered, modifications to
this most general case are necessary [13, 16–19].
Pressure evolution of the low-frequency conductivity
is mirrored by our DFT calculations [Fig. 2(b)]. Gradu-
ally, the low-energy spectral weight decreases until it is
completely suppressed and the linear-in-energy behavior
becomes obvious; two linear regimes separated by a kink
at 3.82 GPa can be identified. This strongly suggests
that the linear optical conductivity appears when the gap
closes at the H point and that the ensuing metallic state
evolves upon further compression. Combining these cal-
culations with our experiments, we clearly conclude the
existence of a metallic Te-I phase with linear band dis-
persion; hence this electronic transition is topological in
nature.
Let us now turn to the kinklike optical conductiv-
ity present above 3.7 GPa. A closer look at the low-
frequency region [Fig. 2(d)] reveals that σ1(ω) does not
extrapolate to zero but disappears around 25 meV at 3.7
GPa and blueshifts with increasing pressure [arrows in
Fig. 2(d) demonstrate the shift] indicating that the Weyl
points do not lie at the Fermi level, but are shifted in en-
ergy. This is in stark contrast to the behavior observed
at 3.3 GPa, when the bands just touch each other; in that
case the linear regime extrapolates to zero frequency in-
dicating that the Weyl points actually fall right onto the
Fermi level. In other words, the results from our optical
studies evidence that the Weyl points move away from
the Fermi energy with increasing pressure in full accord
4FIG. 4. The high pressure phase diagram of elemental tel-
lurium based on the infrared studies and corroborated by
high-pressure x-ray diffraction studies [5, 6]. Lower panels
show the upper valence band and the lower conduction band
of Te-I at different pressures at the edge of the Brillouin zone
(kz = 0.5) around the H point. The evolution of these bands
in the Te-I phase is demonstrated with the arrows: While the
gap closes gradually and band touching creates linear band
dispersion at 1.88 GPa (black arrows), the valence band is
strongly modified with further increasing pressure and flat-
tens developing three local maxima (red arrow).
with our DFT calculations [see Figs. 3(b) and 3(e)].
The kinklike behavior above 3.7 GPa is peculiar be-
cause a recent theoretical study predicts the two linear
regimes with a kink in the optical conductivity arising
from the tilt of the Weyl cones [20], e.g. in type-II WSMs,
such as MoTe2 [21–23], WTe2 [23–26]. Hence, it is very
tempting to interpret our optical conductivity within the
same framework, especially in light of Te being present in
the aforementioned compounds. However, the prediction
of the two linear regimes due to the tilted Weyl cones
crucially relies on the presence of only two linear bands
around the Fermi level, which is not the case for Te-I
[Figs. 3(b) and 3(e)].
To elucidate the origin of the two linear regimes in the
optical conductivity of Te-I, we performed band-resolved
calculations. The results for two particular situations
are displayed in Fig. 3. The upper panels are taken at
1.88 GPa when the bands just touch each other, while the
lower panels are at 3.82 GPa, deep in the metallic phase;
bands are numbered from bottom to top. The largest
contribution to the low-energy conductivity is given by
the transition between bands 48 and 50. As pressure in-
creases further, the most obvious change occurs in the
band 48 along all momentum directions [Figs. 3(c) and
3(f)]: the band strongly flattens around its maximum.
A closer look unveils that at p = 3.82 GPa the band
maximum actually consists of three band maxima. Con-
sidering that the kinklike feature is prominently seen in
the transitions between bands 48 and 50, we attribute it
to the change in the structure of band 48. A detailed
comparison for the pressure evolution of other bands is
given in Supplemental Material. Note, there is no sig-
nificant tilt around the band crossing points; minor tilts,
however, are not sufficient to account for the two lin-
ear regimes of the experimental data. This implies that
the two linear regimes in σ1(ω) have a very different ori-
gin: they arise from changes in band 48 that, in turn, is
affected by band 47, which rises in energy as pressure in-
creases [Fig. 3(e)]. This scenario is essentially dissimilar
to the two linear bands considered in model studies [20].
The situation is also very distinct from the one observed
in Te-based topological materials such as BiTeI [27, 28].
Our optical results clearly demonstrate the topologi-
cally nontrivial metallic state in Te-I, which is charac-
terized by the low carrier density and small dc conduc-
tivity. This changes drastically above 4.3 GPa, where
the system enters Te-II and Te-III phases. Concordantly
the optical spectra are significantly modified. The Te-
I to Te-II transition manifests itself in a sudden jump
of the dc conductivity [Fig. 4] at 4.3 GPa, indicating
a drastic change of the electronic structure, while the
changes through the Te-III phase are more subtle owing
to the fact that Te-II and Te-III phases are structurally
related (pressure-dependent reflectivity of the Te-II and
Te-III are given in the Supplemental Material). The sig-
natures of the topologically nontrivial phase do not sur-
vive upon the structural transitions, therefore the high
pressure polymorphs are beyond the scope of our present
work.
In summary, by applying broadband infrared measure-
ments on elemental tellurium under external pressure, we
resolved the evolution of its electronic structure within
the trigonal Te-I phase and further across the pressure-
induced structural phase transitions. The formation of
metallic Te-I above 3.1 GPa and the topological nature
of this metallic phase are confirmed. Moreover, tunability
of the topological phase within the 3.1 - 4.3 GPa pres-
sure range is demonstrated. Our work not only sheds
light onto the topological properties of a simple elemental
solid, but also raises an important caveat for the optical
signatures of putative Type-II Weyl states in a multiband
systems.
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Samples and infrared measurements
Single crystals of Tellurium are prepared by the Bridg-
man method. The crystals are easily cleaved at liquid
nitrogen temperature perpendicular to the b-axis. Room-
temperature reflectivity measurements have been per-
formed on ac-plane of a single crystal with the typical
size of 160 µm×170 µm×60 µm. Owing to the small sam-
ple size we did not utilized polarizers and the observed
properties reflect the average over the ac-plane.
High pressures in reflectivity measurements were gen-
erated with a screw driven diamond anvil cell (DAC). The
type-IIa diamond anvils with culet diameter of 800 µm
allow us to reach the pressure range up to 8.44 GPa. A
250 µm diameter hole is drilled on a CuBe gasket prein-
dented to a thickness of 80 µm. This hole is used as a
sample chamber, where several ruby spheres were loaded
together with the sample. The determination of the pres-
sure inside the cell was achieved by monitoring the cal-
ibrated shift of the ruby R1 fluorescence line [S1]. The
DAC was filled with CsI powder as a quasi-hydrostatic
pressure-transmitting medium keeping a clean diamond-
sample interface. The pressure gradient in the cell is
monitored during the measurements via two different
Ruby spheres sitting at the opposite sides of the sam-
ple. At low pressures (below 5-6 GPa), no pressure gra-
dient has been observed within the accuracy of the CCD
spectrometer used in Ruby luminescence measurements
(0.05 nm / 0.15 GPa). At high pressures a gradient up
to ∼0.7 GPa is present [Fig. S1].
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Measurements have been performed with a Hyper-
ion infrared microscope coupled to a Bruker Vertex 80v
Fourier transform infrared spectrometer. The pressure
cell is attached to the infrared microscope employing a
custom made setup to control the xyz-position and the
rotation of the pressure cell. Reflectivity spectra at the
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FIG. S2. Measured reflectivity (a) in the low-pressure Te-
I phase and (b) through the structural phase transitions.
Dashed lines are the energy range, where the two-phonon ab-
sorption of the diamond anvil cell is dominant. In this energy
range, a linear extrapolation have been used for the further
analysis.
sample-diamond interface, Rsd were collected between
100 and 20000 cm−1and the CuBe gasket was used as
a reference. The measured reflectivity spectra for the se-
lected pressures have been given in Fig. S2. Here, the
dashed lines show the energy range, where the spectra
are affected by the multi-phonon absorption of the dia-
mond anvil cell, where a linear extrapolation have been
used for the further analysis. The real part of the opti-
cal conductivity, σ1, was extracted via Kramers-Kronig
(KK) transformations considering sample-diamond inter-
face parameters during the calculations [S2]. Simultane-
ous fits of reflectivity and the optical conductivity by the
Drude-Lorentz model ensure that the KK procedure has
been carried out correctly.
Determination of the optical conductivity
In our high-pressure infrared spectroscopy technique,
the reflectivity spectrum of tellurium Rsd(ω) is measured
at the sample-diamond interface in the diamond anvil cell
(DAC) which is expressed as
Rsd(ω) = RCuBe−diamond
Isd(ω)
ICuBe−diamond(ω)
(1)
Here Isd(ω) is the reflected light intensity at the
sample-diamond interface and ICuBe−diamond(ω) is at
the gasket-diamond interface. At each pressure the
reflectivity of the sample has been corrected for the
gasket reflection with the RCuBe−diamond. Thus, Eq. 1
gives us the absolute reflectivity Rsd(ω) obtained at the
sample-diamond interface.
During the KK analysis of the reflectivity measured
at the sample-diamond interface, the standard relation
7between the phase and the reflectivity needs to be cor-
rected, which gives an additional term (second term in
the right hand side of Eq. 2). Namely, the presence of
a medium with the refractive index >1 (in the case of
diamond it is 2.38) brings an extra phase shift.
θ(ω0) = −
ω0
pi
P
∫ +∞
0
lnRsd(ω)
ω2 − ω20
dω +
[
pi − 2arctan
ωβ
ω0
]
(2)
P is the principal value of the complex response
function. ωβ is the position of the reflectivity pole
on the imaginary axis of the complex plane. For
the case of measurements performed at the sample-
vacuum interface, ωβ tends to go to infinity eliminating
the second term and leading to the common KK analysis.
ωβ is a priori an unknown parameter, however, it can
be estimated by comparing the lowest-pressure optical
conductivity (in our case <0.2 GPa spectrum is used)
with the ambient-pressure one, which can be obtained
through the regular KK analysis. We found the best
fitting for the parameter ωβ = 25.000 cm
−1.
Determination of fit parameters
Since the DFT calculations do not include intraband
transitions, these contributions should be subtracted
from the experimental curves for a direct comparison.
To identify the Drude-like contribution, we performed
Drude-Lorentz fits to the reflectivity and optical conduc-
tivity, simultaneously. These fits restrain the parameters,
because those should satisfy the real and the imaginary
part of the dielectric function, simultaneously. An exam-
ple of this fit is shown in Fig. S3(a) for 3.7 GPa.
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FIG. S3. (a) Simultaneous fits of reflectivity and optical
conductivity at 3.7 GPa. (b) The effect of choosing differ-
ent Drude contributions on to the interband transitions. The
kink behavior and the extrapolation of the low energy optical
conductivity to the finite energies are robust under different
choices.
On the other hand, with several absorption bands
present, the final fits are not necessarily the unique so-
lutions and some spectral weight redistribution is pos-
sible between different contributions. In Fig. S3(b), we
showed two of the extreme cases for the intraband tran-
sitions, which in principle can give a similar reflectivity
and optical conductivity fit, but leads to a slightly differ-
ent interband transitions. Please note that the discussed
kink-behavior and the extrapolation of the low energy op-
tical conductivity to the finite frequencies with increas-
ing pressure are robust features. In the calculated op-
tical conductivity spectra, these features correlate with
the slope change of the optical conductivity (kink be-
havior) and the small upturn of the optical conductivity
(extrapolation to the finite frequencies). The choice of
the intraband contribution only affects the energy range
slightly, while the features are still visible.
To keep the consistency throughout the measured pres-
sure range, we choose the Drude-component with the
largest 1/τ , because this can be determined in a same
manner with increasing pressure allowing us to discuss
the qualitative pressure evolution of the features.
Computational methods
Full-relativistic density-functional (DFT) calculations
were performed within the Wien2K code [S3] using the
optic module [S4] for evaluating optical conductivity.
The plane-wave cutoff of RKMAX=7 was used. We
employed the modified Becke-Johnson (mBJ) exchange-
correlation functional [S5], because it delivers a real-
istic band gap of Te-I at ambient pressure, whereas
conventional local-density (LDA) or generalized-gradient
(GGA) approximations render Te-I metallic already at
ambient pressure when relativistic effects are included.
This strategy is similar to earlier computational stud-
ies of Te-I [S6]. The parametrization from Ref. [S7] was
used in mBJ [S8]. We note in passing that the mBJ func-
tional has not been parametrized for semiconductors with
very small band gaps and may not perfectly reproduce
the critical pressure of the semiconductor-to-metal tran-
sition in Te-I. Indeed, our calculations suggest metallic
band structure at 1.88GPa, whereas experimentally Te-
I may not be metallic until about 3GPa. This discrep-
ancy is, however, unavoidable with virtually any ab initio
method, and arguably unimportant, because calculations
still reproduce band structures of both semiconducting
and metallic Te-I, albeit with a slightly shifted pressure
scale.
All calculations were performed for the experimental
crystal structures, because each DFT functional has its
own bias toward metallic or nonmetallic states, and ab
initio structure relaxation will bias the results accord-
ingly. In the case of Te-I, we used the experimental struc-
tural parameters from Ref. [S9], which also determines
the pressure values used in our calculations. Band dis-
persions [Fig. S4] were calculated on the well-converged
48× 48× 48 k-mesh and for optical conductivity we used
denser meshes with up to 140×140×140 points. Optical
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FIG. S4. Band structure of Te-I at ambient pressure and
1.88 GPa, where the bands are just touching, along the k-
path indicated with the red line in Brillouin zone sketch.
conductivity given as σ1(ω) is determined by taking the
average of σxx and σzz (σ1(ω) = (σxx+σzz)/2), reflecting
the measurement configuration.
Comparison of the other bands
In the main text, the comparison of the 2D profile for
the band 48 between 1.88 and 3.82 GPa has been given.
This band is shown to change its profile with external
pressure. Here in the supplementary we plotted the 2D
profile of the other bands around H point, which con-
tribute to the optical conductivity significantly [Fig. S5].
Left pannels are correspond to the 1.88 GPa, while right
pannels show the bands at 3.82 GPa. Each row belong
to one significant band as stated at the left handside of
the plots.
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FIG. S5. 2D profiles of bands (Band 47, 48, 49, and 50) around H point giving rise to significant contribution to the low energy
optical conductivity. Left pannels: 1.88 GPa and Right pannels: 3.82 GPa.
